It is often assumed that the input voltage source of a switch-mode power supply is constant or shows negligible small variations. However, the last assumption is no longer valid when a fuel-cell stack is used as input source. A fuel-cell stack is characterised by low and unregulated DC output voltage, in addition, this voltage decreases in a non-linear fashion when the demanded current increases; henceforth, a suitable controller is required to cope the aforementioned issues. In this study, an average current-mode controller is designed using a combined model for a fuel-cell stack and a boost converter; moreover, a selection procedure for the controller gains ensuring system stability and output voltage regulation is developed. The proposed energy system uses a fuel-cell power module (polymer electrolyte membrane fuel cells) and a boost converter delivering a power of 900 W. Experimental results confirm the proposed controller performance for output voltage regulation via closed-loop gain measurements and step load changes. In addition, a comparison between open-and closed-loop measurements is made, where the controller robustness is tested for large load variations and fuel-cell stack output voltage changes as well.
Introduction
The integration of renewable and distributed energy generation to the main grid has become an attractive alternative for ancillary services in the last years [1, 2] . For instance, the DC energy sources that perform an important role nowadays are: photovoltaic modules and fuel-cell stacks [3, 4] . These DC sources generate low and unregulated output voltage levels; then, series and parallel arrays are arranged to obtain higher terminal voltage (and current), subsequently power electronic devices are employed to increase, regulate and in some cases invert the output voltage [5, 6] .
A fuel cell uses primarily hydrogen as its energy source, which is converted to electrical energy through a complex electrochemical reaction with oxygen or another oxidising agent. In comparison to other energy production sources, this process is more efficient and green, since only heat and water are the waste products; therefore, this technology represents an attractive alternative for power generation [7, 8] . One of the most promising fuel-cell type is the polymer electrolyte membrane fuel cell (PEM fuel cell, also known as proton exchange membrane fuel cell) since it has a relative small size, simple design and low operating temperature, appropriate features for mobile and stationary applications [9, 10] . Additionally to low DC voltage generation, fuel-cell stacks suffer a phenomenon known as fuel starvation [11] , which refers to an output voltage drop due to fast electric load demand, and directly related to the large time constant (slow dynamics) of the fuel-cell delivery system devices (pumps, valves and in some cases hydrogen reformer).
The DC-DC power converters for fuel-cell applications should have high efficiency, low ripple input current (<10% of nominal fuel-cell stack current) and fast transient response [12] . In power electronics literature, several topologies have been proposed to step up the voltage from fuel-cell stacks, for example: a two-stage cascade converter limiting the current ripple is shown in [13] ; a system formed by a fuel-cell stack and a super capacitor, both connected to a boost and buck-boost converters, respectively, is proposed in [14] ; a discussion of an electric model for a combined system fuel-cell stack/DC-DC converter is developed in [15] where experimental verification is done in the frequency domain; finally, a three-stage boost converter with a fuel-cell stack as the input source is given in [16] . The operation of fuel-cell-based energy systems in closed loop can be classified as linear and nonlinear. From the linear approach, two control schemes are identified: voltage-mode control (VMC) and current-mode control (CMC). In contrast to VMC, CMC strategy has demonstrated a faster transient response, over-current protection and stronger stability due to the multiloop nature as well [16] .
Research work has been reported using non-linear and advance control in the open literature to operate a fuel-cell-based energy system properly. For instance, the control of a high voltage ratio DC/DC converter coupled to a fuel-cell stack is detailed in [17] . This scheme is based on a dual-loop control that contains a proportional-integral (PI) voltage loop and a fast current loop using a non-linear sliding controller. Additionally, the voltage loop is latter replaced by an energy loop based on a differential flatness control approach. On the other hand, a non-linear single-loop feedback control scheme is proposed in [18, 19] to regulate the operation of a fuel-cell-based energy system. This scheme is based on the differential flatness concept as well, which achieves the desired response using a simple algorithm. Validation of the proposed scheme was achieved by experimental results, where steady-state response, dynamic response and control robustness were verified.
In addition, the controller design for a fuel-cell stack connected to a boost power converter is detailed in [20] . In this work, it is shown that time varying, state feedback controllers, based on integral passive output feedback, semi-globally stabilise the regulation error to zero for a large class of power electronics devices. The performance of the closed-loop system is evaluated through simulation results. Besides, the problem of operating a hybrid energy storage system consisting of a fuel cell and a supercapacitor is treated in [21] . In this case, based on the system non-linear model, a controller is designed making use of backstepping and Lyapunov stability design techniques. Using both analysis and simulations it is shown that the proposed controller fulfils all control objectives; however, no experimental results are given.
This paper aims to give a general insight over the mechanisms of control when the characteristics of the input source (specifically a fuel-cell stack) are used. Concisely, a PEM fuel-cell stack is connected to a boost converter feeding a resistive load. The main contribution relies on the design of a robust controller to cope properly large step load changes in combination with the associated stack output voltage variations. To this end, first, a combined model is proposed to represent the overall fuel-cell stack/power converter system. Based on this model, two control loops are implemented for voltage regulation. Experimental results of the whole system prove the effectiveness of load voltage regulation under the proposed design approach. Equally important, an easyto-use selection criteria for the voltage and current control loop gains is developed. In comparison with the work cited above, the proposed low-cost controller is relatively simple, useful, understandable, practical, applicable and scalable.
The paper is organised as follows. The analysis, description and dynamic behaviour of the fuel-cell stack/boost converter system are given in Section 2. In Section 3, a control strategy is proposed together with the tuning parameter selection process. Experimental results to validate the controller performance are shown in Section 4 and finally some concluding remarks are addressed in Section 5.
Combined fuel-cell stack/boost converter model
A fuel cell is an hydrogen-based electrical energy source that generates low and unregulated DC voltage, where the output voltage decreases in a non-linear fashion when the demanded current increases. The stack output voltage terminals are connected to a DC/DC power converter to finally provide a voltage required to feed either a DC or a AC load. In the following, an overall mathematical description capturing precisely the coupling between the fuel-cell stack and a DC/DC boost converter is shown in detail.
Fuel-cell stack static properties
Several expressions have been proposed in the open literature to predict the chemical and thermal dynamical behaviour of PEM fuel cells [22, 23] . However, for the purpose of this work, a suitable and easy-to-handle fuel-cell stack expression including electric properties compatible with power conversion is used. For instance, a fuel-cell stack static expression for the output voltage which depends on the output current and physical parameters is given in [13] 
where v f is the fuel-cell stack output voltage, i f is the fuel-cell stack current and E O is the open-circuit voltage. The parameters δ and I h depend on the environment humidity conditions and stack temperature. These parameters together with E O are required to be computed for a given fuel-cell stack. A Nexa module is used and characterised in this work. It is a small, low maintenance and fully automated PEM fuel-cell stack, which delivers an output power of 1.2 kW at 24 V voltage. In addition, to avoid reversal current entering to the fuel-cell stack, this module includes a protection diode D f . Unfortunately, this diode yields to an undesired power dissipation, which results in a reduction of usable output power to about 1 kW.
Remark 1:
The expression that represents the static properties of the fuel-cell stack (1) was taken from [13] ; however, a methodology is required to obtain (from available measured data) the parameters δ and I h . In the following, an explanation about the computation of the parameters E O , δ and I h is given. A set of N discrete experimental samples (i fexp (k), v fexp (k)) with k = 1, 2, 3, …, N, corresponding to the stack output current and voltage are required. In this case, the samples are depicted in circles in Fig. 1a . Observe that such samples are obtained by increasing i f from 0 to 43 A (decreasing a resistive load). Note that there is no load connected to the stack at the very first sample; therefore, the open-circuit voltage is
Now, the expression (1) can be rewritten as
and recalling some basic logarithm properties, (2) can be expressed as
Assuming that (3) holds for all recorded samples (i fexp (k), v fexp (k)) with E O known, then (3) has the form
where
thus, the constants a 1 and a 0 are required to be found in order to compute δ and I h . Finally, using the well-known linear least square data fitting [24] , the parameters δ and I h can be obtained from the following computations (all sums are of the form ∑ k = 1 N ): 
for N = 22 samples and E O = 41.7 V. A comparison between experimental data and the expression in (1) is given in Fig. 1a , which confirms the accuracy of the described method. In addition, this static model (1) is continuous for a large range of currents, including no current and maximum current.
Overall mathematical representation
The proposed physical implementation of the fuel-cell stack/boost converter system is shown in Fig. 1b In this work, it is assumed that the boost converter operates in continuous conduction mode, i.e. the inductor current never decays to zero [25] . The dynamic behaviour of many classes of power circuits are analysed using the notion of average models, which can be manipulated using standard circuit techniques. Average models can be derived for high-frequency switching converters, where linearisation can be easily carried out [26] . In this sense, using Kirchhoff laws when Q is ON/OFF and the current i f from (2), the average (ripple-free) continuous non-linear model is obtained as In steady state, the average output voltage V O is greater than the input V f , also the inductor current I L equals to the fuel-cell current I f ; therefore, the nominal operating conditions of (8) are found to be
Once the nominal output voltage V O is defined, the resulting fuelcell voltage V f can be computed from the numerical solution of
Note that ideal components and zero voltage losses are assumed in (8)- (10); therefore, the numerical results may differ from those in practice. Furthermore, in steady-state CCM operation, the voltage and current ripples for the boost converter due to the switching action can be computed by
additionally, to ensure CCM, the inductor value must be selected as
Linearising around the equilibrium point
yields to the linear average small-signal model for the overall system as
where the new state vector is
The resulting model (14) combines two subsystems dynamics and has only one input ũ ∈ ℝ. This linear time-invariant model describes approximately the behaviour of the fuel-cell stack/boost converter system for frequencies up to half of the switching frequency f s . Furthermore, it can be used for analysis and controller design of switching regulators.
Average current-mode controller
Average CMC is a useful technique for easing the design and improving the dynamic performance of switch-mode converters.
Here, a methodology to properly select the controller gains for stability and performance purposes is provided. Since the average inductor current is used for output voltage regulation, a faster response is obtained when step changes are applied to the load. Additionally, sensing the inductor current can also be used for preventing overload current through the converter. This control technique uses a high-gain compensator, a low-pass filter and a PI controller to warrant: (i) that the average inductor current follows the current reference, and (ii) output voltage regulation. The advantage of this approach is that any change in the input voltage source has an immediate effect in the controller (fast propagation property). The overall controller design procedure is a twofold problem: (i) gain selection for the current loop, and (ii) gain selection for the voltage loop. In order to derive the controller expressions, a configuration for this technique is proposed in Fig. 2 . As can be seen, the average CMC employs current and voltage loops. For the current loop, N is the current sensor gain, G(s) a high-gain compensator, F(s) a low-pass filter and finally V P the peak magnitude of the ramp used to generate the control pulses. For the voltage loop, H stands for the voltage sensor gain, V ref the desired output voltage and K(s) the transfer function corresponding to the PI controller, which generates the current reference I ref .
Remark 3:
The control scheme proposed in [28] has two control loops for output voltage regulation as well, but the high-gain compensator and the low-pass filter are integrated to the voltage loop, meanwhile the current loop is implemented by a hysteresis controller.
For robust stability of each loop, the following requirements have to be satisfied:
i. for relative stability, the slope at or near cross-over frequency must be not more than −20 dB/dec; ii. to improve steady-state accuracy, the gain at low frequencies should be high; iii. for robust stability, appropriate gain and phase margins are required.
In the following, easy-to-use formulae are given to ensure appropriate loop gains characteristics of the closed loops. The poles and zeros for the proposed controller are set mainly from the operating switching frequency of the converter.
Current loop
The control law ũ is defined by
where ω P stands for the location of the filter pole, G P is the compensator gain, ω Z is the location of the compensator zero and I ref is the output of the voltage loop. Note that both transfer functions F(s) and G(s) can be implemented using a single operational amplifier as shown in Fig. 3 . The criteria to select the controller gains (circuit components) are performed following the procedure given below:
• The zero ω Z of the high-gain compensator should be placed at least a decade below of half of the PWM switching frequency, f s /2. Practically, the zero is determined by the relationship
where R a and C a are the resistance and capacitance corresponding to the current loop control circuit.
• The pole ω P of the low-pass filter, on the other hand, should be placed either at f s /2 or above. Using the circuitry in Fig. 4 , the pole is determined by
where C b is the capacitor associated to the current loop circuit as well.
• The compensator gain is computed by
where the resistance values must be carefully selected such that
Voltage loop
The outer loop should be designed to provide a suitable steadystate correction of the output voltage and can be implemented using a PI controller. The output of this loop is the current reference
where K C is the proportional gain, T i is the integral time and V ref is the reference output voltage. In this case, the selection criteria should follow:
• The proportional gain K P = R C /R 1 is selected such that
where the voltage divider is 
• Finally, the integral time is computed from
where R C and C C are the resistance and capacitance values of the PI controller circuit, which must be selected such that 1/T i is placed at least one decade below f s . 
Remark 4:
In contrast to VMC, here an inner loop is added. This improves significantly the transient performance of the controller, since the transfer function ṽ O /ũ of a boost converter has a right half
Experimental results
A fuel-cell stack/boost converter and the corresponding controller (16) have been implemented in the laboratory as shown Fig. 4 . The converter parameters are given in Table 1 . The inductor current is measured via the transducer LA50-P by LEM, which results in the sensor gain N = 0.071. The Nexa Power Module delivers an output voltage V f , ranging from 22 to 42 V. The boost converter nominal duty cycle U is set to 0.56, providing an output voltage of V O = 48 V, feeding a nominal resistive load of R = 2.56 Ω. The total output power is around 900 W, which requires an averaged fuel consumption of 12.2 standard litre per minute. Furthermore, the switching frequency is set to 100 kHz. The peak magnitude of the ramp V P is 5 V and the voltage sensor gain H is 0.20. The parameters of the controller are selected following the above criteria:
f Z = ω Z /2π = 178.62 Hz, G P = 0.33, f P = ω P /2π = 48.4 kHz, K P = 0.36 and T i = 0.103 ms. Open-and closed-loop experimental tests were performed considering step changes in the load resistance through the switch S 2 . These variations range from 2.56 to 17 Ω; that is from full to 10% of load at a frequency of 2 Hz.
The converter efficiency (η = P o /P i , where P o is the output power and P i is the input power of the converter) is shown in Fig. 4 , as can be seen, the efficiency reduces when the output power is increased.
Open-loop test
The experimental response of the transfer function i~L/ũ is shown in Fig. 5a , while the experimental response of the transfer function ṽ O /ũ is shown in Fig. 5b . These transfer functions were measured at nominal load using the Frequency Response Analyser 300 from AP Instruments, Inc. Both frequency responses were obtained in open loop, additionally, it is clear from the plots that resonant peaks occur around 1.1 kHz.
The experimental open-loop time response of the system is shown in Fig. 6a . It is noticeable that the experimental results are close enough to the theoretical relation given in (9) . Using the MOSFET S 2 (trigger voltage V g ), step changes of 2 Hz are applied to the output load which ranges from 2.56 to 17 Ω. The resulting output voltage V O is shown in Fig. 6b , which changes for about 33 V. On the other hand, Fig. 6c shows the step changes on the fuelcell side. As can be seen, the fuel-cell stack output voltage ranges from 23 to 33 V and the demanded current changes from about 9 to 30 A. 
Closed-loop test
The experimental frequency response of the loop gain L(s), i.e. the product of the transfer functions around the voltage loop, at nominal load is shown in Fig. 7 . The magnitude plot exhibits a high gain at low frequencies, additionally, the controller provides a 8 kHz crossover frequency, concluding that the loop gain has sufficient gain and phase margins; therefore, the switching regulator is robust to parameter variations. The switching regulator operating condition corresponding to 48 V output voltage at nominal load (no load changes) is shown in Fig. 8a . At this operating condition, the fuel-cell stack is delivering a voltage of 24 V. When output load changes are introduced, the resulting load voltage remains at 48 V as shown in Fig. 8b , where it is clear the switching regulator is robust under large load variations. As consequence of these changes, the fuel-cell stack voltage changes between 26 and 38 V. The demanded current ranges from 4 to 27 A, as is shown in Fig. 8c . There are significant differences between current and voltage levels in Figs. 6c and 8c , respectively. This is due to the stored energy in the capacitor C F that helps to compensate the changes in the demanded energy for closed-loop response. Note that the fuel-cell current in the openloop case (Fig. 6c ) presents a 5 A overshoot, meanwhile in the closed-loop case (Fig. 8c) , the current does not present any overshoot; therefore, the life cycle of the fuel cell is not overwhelmed. The current ripple is shown in Fig. 8d , which is small (1.2 A peak to peak) due to the capacitor C F .
Conclusions
This paper deals with the output voltage regulation of a fuel-cell stack/boost converter system. The proposed control strategy is based on average CMC where two loops are implemented, namely the inner loop where the inductor current is fed back using a highgain compensator and a low-pass filter, and the outer loop where the output voltage is fed back via a PI controller for steady-state error regulation. The selection procedure for the controller parameters is explicitly detailed. The criteria given within ensure system stability and output voltage regulation. The poles and zeros for the controller are set mainly from the operating switching frequency of the converter. Additionally, due to the high-gain compensator of the inner loop, the converter performance is less sensitive to parameter uncertainties and variations of the fuel-cell stack voltage. This control strategy was implemented using lowcost operational amplifiers, suitable for commercial applications. Finally, experimental results using a 900 W boost converter prototype show good robustness to large variations on the load. 
